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ABSTRACT 
The slow kinetics of the oxygen reduction reaction (ORR) is one of the key challenges in 
developing high performance energy devices, such as solid oxide fuel cells. Straining a film by 
growing on a lattice-mismatched substrate has been a conventional approach to enhance the ORR 
activity. However, due to the limited choice of electrolyte substrates to alter the degree of strain, a 
systematic study in various materials has been a challenge. Here, we explore the strain modulation 
of the ORR kinetics by growing epitaxial La0.6Sr0.4CoO3-δ (LSCO) films on yttria-stabilized 
zirconia substrates with the film thickness below and above the critical thickness for strain 
relaxation. Two orders of magnitude higher ORR kinetics is achieved in an ultra-thin film with 
~0.8% tensile strain as compared to unstrained films. Time-of-flight secondary ion mass 
spectrometry depth profiling confirms that the Sr surface segregation is not responsible for the 
enhanced ORR in strained films. We attribute this enhancement of ORR kinetics to the increase in 
oxygen vacancy concentration in the tensile-strained LSCO film owing to the reduced activation 
barrier for oxygen surface exchange kinetics. Density functional theory calculations reveal an 
upshift of the oxygen 2p-band center relative to the Fermi level by tensile strain, indicating the 
origin of the enhanced ORR kinetics. 
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INTRODUCTION 
Development of novel catalysts for the oxygen reduction reaction (ORR) and oxygen 
evolution reaction (OER) is highly desirable to fulfill the increasing demand for renewable energy 
materials and systems,1 including oxygen permeation membranes,2 air batteries,3 and solid oxide 
fuel cells (SOFCs) and electrolyzers.4 In such energy devices, transition metal perovskite oxides 
are widely used to catalyze the ORR and OER. Among various technical obstacles, slow ORR 
kinetics is known to be a critical rate-limiting step, reducing the efficiency of electrochemical 
devices. Recently, the use of epitaxial strain in a thin film induced by lattice mismatch with a 
substrate showed a possibility to control the electronic structure,5 oxygen transport,6 and oxygen 
defect formation,7 ultimately enhancing the high temperature oxygen electrocatalysis in perovskite 
oxides.8-10  
While substantial effort has been devoted to enhance the catalytic activity by strain, there 
is no systematic understanding of the underlying mechanism for the enhanced oxygen 
electrocatalytic activities by strain at elevated temperatures. Owing to concurrent changes of 
multiple material properties by strain, including the oxygen vacancy concentration, surface cation 
distribution, and the energy barrier for the surface exchange processes, it is difficult to deconvolute 
the main contributor from multiple factors induced by strain to the enhanced ORR activity. More 
importantly, there are only a limited number of available substrates to induce strain for high 
temperature electrochemical applications. For example, yttria-stabilized zirconia (YSZ) is the only 
single crystalline substrate available in a large size, satisfying both the growth (i.e., lattice 
mismatch) and electrochemical requirements (i.e., ionic conductor and electronic insulator). The 
limited choice of substrates imposes a constraint on the range of lattice strains explored in previous 
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studies,5, 8 which suggests the need to develop a new strategy to modulate the epitaxial strain for 
designing catalytically active materials.  
An alternative approach to manipulate the strain is to control the film thickness instead of 
varying the lattice constant of the substrate by using different substrates (i.e., SrTiO3 and LaAlO3). 
While La1-xSrxCoO3-δ (x = 0, 0.2, and 0.4) thin films demonstrated enhanced oxygen surface 
exchange kinetics compared to bulk samples,9, 11-12 films of varying thickness exhibited little or no 
strain variation. As a result, these films showed little dependence of their surface exchange kinetics 
and oxygen vacancy concentration as a function of their thickness. This lack of variation could be 
attributed to the fact that the critical thickness to maintain a certain strain state is smaller than what 
was used in the previous studies. Here, by growing ultrathin films with highly preserved epitaxial 
strain, we show that the change in the thickness of epitaxial La0.6Sr0.4CoO3-δ (LSCO) films can 
also modulate the epitaxial strain, and thereby produces significantly enhanced oxygen 
electrocatalysis. While the thickness control is a simple means to tune strain, the enhancement in 
the ORR kinetics by controlling film thickness is found to be significant. 
 
EXPERIMENTAL AND THEORETICAL METHODS 
To systematically introduce strain in LSCO, epitaxial thin films with various thicknesses 
of 10, 25, 50, 80, and 100 nm were grown by pulsed laser epitaxy (PLE) on single crystal (001) 
yttria-stabilized zirconia (YSZ) substrates, which serve as both substrate and electrolyte. A Gd-
doped ceria (GDC) buffer layer (4 nm in thickness) was introduced between YSZ and LSCO to 
prevent the formation of an unwanted La2Zr2O7 layer at the interface.13 Prior to LSCO and GDC 
deposition, platinum ink (Pt) counter electrodes were painted on one side of the YSZ and dried at 
900 ºC in air for 1 hour. The YSZ substrate was affixed to the PLE substrate holder using a small 
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amount of silver paint for thermal contact. PLE was performed using a KrF excimer laser at λ = 
248 nm, 10 Hz pulse rate and 50 mJ pulse energy under an oxygen partial pressure, p(O2) of 6.6 × 
10-5 atm (50 mTorr) with GDC at 600 °C, followed by LSCO at 700 ºC. After completing the 
LSCO deposition, the samples were cooled down to room temperature in the PLE chamber for ≈1 
hour under a p(O2) of 6.6 × 10-5 atm (50 mTorr). All films showed an atomically flat surface with 
a root-mean-square roughness value below 0.5 nm revealed by atomic force microscopy (AFM) 
(see Figure S1 in the Supporting Information). 
In-situ HRXRD was conducted on a four-circle diffractometer (Panalytical) equipped with 
a controlled temperature stage (DHS 900, Anton Paar) in a p(O2) of 1 atm (flux ≈5 sccm). Silver 
paste was used to adhere the thin film sample with the YSZ single crystal to the heating plate. 
Starting at 25 °C, a heating rate of ≈10 °C/min was chosen and after increasing the temperature, 
the temperature was always held constant for 30 minutes to reach thermal equilibrium before XRD 
data were collected. Sample realignment was conducted after each temperature step to optimize 
the intensity of the YSZ 002 peak for all out-of-plane scans. This procedure includes the correction 
of slight re-adjustments due to the thermal expansion of the sample (height offset and angles). 
In-situ EIS measurements were conducted on asymmetrical cell structures containing the 
LSCO films with gold mesh current collectors fabricated by photolithography and sputtering.14 
EIS measurements were performed in the frequency range of 1 mHz to 1 MHz with AC amplitude 
of 10 mV and zero DC bias at temperatures between 350 OC and 650 OC, using the Frequency 
Response Analyzer module (FRA, Solartron 1260). 
Depth profiling was carried out on a ToF.SIMS 5 instrument (ION-TOF GmbH, Germany). 
As primary ions, Bi3+ clusters were used with a beam voltage, current, and area of 30 keV, 30 nA, 
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and 150 × 150 𝜇m2, respectively. Cs+ ions were utilized in the sputter gun for depth profiling with 
a beam voltage, current, and area of 1 keV, 60 nA, and 300 × 300 𝜇m2, respectively.	
In-situ ellipsometry technique was employed to obtain the optical constants of thin films 
in the same condition with EIS testing. By using M-2000 ellipsometer (J. A. Woollam Co.), two 
ellipsometric parameters, ψ (intensity ratio between p- and s-polarization light) and ∆ (phase 
difference between p- and s-polarization light) for the films and the bare substrate were obtained 
at 650 OC in 1 atm. We directly transformed ellipsometric parameters of the bare substrate to real 
and imaginary parts of optical conductivity. Then, we constructed a two-layer model composed of 
the substrate and film to determine the optical conductivity of the films. We fixed the thickness of 
the films as well as the optical conductivity of the substrate, and only varied the optical 
conductivity of the films during the fitting procedure. The Kramers-Kronig condition was forced 
during the procedure. 
All calculations were performed using DFT within the Vienna Ab-Initio Simulation 
Package (VASP) with a plane wave basis set.15 We used the generalized gradient approximation 
exchange and correlation functional with Hubbard U correction (GGA+U)16 with the projector 
augmented wave (PAW) method17 and pseudopotentials of Perdew and Wang (PW-91).18 The 
Hubbard U correction was applied to Co atoms only, with Ueff = 3.32 eV (U = 3.32 eV and J = 0 
eV).19 The valence electron configurations for La, Sr, Co and O elements used were: La: 
5s25p66s25d1, Sr: 4s24p65s2, Co: 4s13d8, O: 2s22p4. All calculations were performed with spin 
polarization enabled. The spin state of Co in all calculations was intermediate spin. While Co-
containing perovskites have been shown to exist in a variety of spin states under different 
conditions, our usage of intermediate spin Co is justified for applications of oxygen 
electrocatalysis at elevated temperatures because the high temperature magnetic state of Co has 
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been shown to be either intermediate spin or a spin mixture which is representative of an 
intermediate spin state.12, 20-21 Reciprocal space integration in the Brillouin zone was conducted 
with the Monkhorst-Pack scheme22 with 2×2×1 k-point sampling. La0.6Sr0.4CoO3 cells were 
modeled as the high-temperature pseudocubic variant of the experimental rhombohedral phase 
(space group 3R c , number 167) with 100 atoms/cell following previous modeling work on 
perovskites for high temperature applications.23-24 For the calculations involving strained cells, the 
strain was imposed on the a-axis and b-axis lattice parameters, and the c-axis was allowed to fully 
relax. The calculation of the oxygen p band center is performed using the methods detailed in 
previous works on DFT modeling of perovskites.23, 25 As a function of strain, the oxygen p band 
centers of LSCO were calculated for five different Sr orderings, which were constructed by 
randomly choosing La sites to substitute for Sr while maintaining an A-site Sr concentration of 
40% (see Figure S11 in the Supporting Information). 
 
RESULTS AND DISCUSSION 
X-ray diffraction (XRD) θ-2θ scans at room temperature clearly revealed only 00l peaks 
from LSCO, GDC, and YSZ, indicating c-axis oriented films (Figure 1a). Similar to previous 
studies,9, 11, 26 YSZ substrates with GDC buffer layers were found to introduce in-plane tensile 
strain (up to 1.6%) into LSCO thin films (see Figure S4 in the Supporting Information). Note that 
perovskite oxides often reveal a gradual strain relaxation as the film thickness is increased, which 
is most probably due to the formation of complex defect structures (such as dislocations) at the 
film/substrate interface to relieve the built-up elastic energy resulting from the strain. Such a 
phenomenon is also observed in this work, providing more than one strain state through use of 
multiple film thicknesses.  
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Figure 1. (a) XRD 𝜃-2𝜃 patterns of LSCO thin films with thicknesses of 10, 25, 50, 80, and 100 
nm measured at room temperature. Gd-doped ceria (GDC) and YSZ substrate peaks are indicated 
with # and *, respectively. (b) In-plane biaxial strain in the LSCO films as a function of film 
thickness obtained from high temperature XRD measurements at 650 oC in 1 atm, which is the 
condition we used for EIS measurements. (c) Unit cell volume change as a function of temperature. 
Reference bulk LSCO and YSZ unit cell volumes are also plotted for comparison.27-28 
 
In order to check the strain state of our samples at the same condition for ORR testing, we 
also examined the evolution of the in-plane strain in LSCO films by performing XRD 𝜃-2𝜃 scans 
at 650 OC in 1 atm (Figure 1b). Details on the strain calculations are provided in the Supporting 
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Information. It is worth noting that the in-plane tensile strain in LSCO thin films gradually 
decreased with increasing film thickness up to 50 nm, and no strain was built up in thicker films 
(≥ 50 nm). As represented in Figure 1c, the volumetric thermal expansion coefficients of our LSCO 
thin films (~15.5 × 10-6 oC-1) and the YSZ substrate (~11.1 × 10-6 oC-1) from XRD measurements 
were in good agreement with previously reported values (15.8 × 10-6 oC-1 for bulk LSCO29 and 11 
× 10-6 oC-1 for bulk YSZ30). Interestingly, the unit cell volume of LSCO thin films was found to 
increase with decreasing the film thickness, i.e., increasing in-plane tensile strain, which is 
consistent with the previous observation in SrCoO3-δ thin films.31 The origin of the increased unit 
cell volume is discussed later. 
 
	
Figure 2. (a) Nyquist plot of LSCO thin films with various thicknesses at 650 oC in 1 atm. (b) 
Equivalent circuit (RHF = YSZ electrolyte resistance, RMF = electrode/electrolyte interface 
resistance, RORR = ORR resistance, CPE = constant phase element) used to extract the ORR 
kinetics. (c) Temperature dependence of the oxygen surface exchange coefficient (kq) of the LSCO 
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films calculated from EIS spectra collected at 1 atm. Each sample was measured at least three 
times at each temperature to ensure data reproducibility. The k* value of bulk LSCO at 650 oC 
obtained from literature32 is also plotted for comparison. 
 
To investigate the ORR activity of the LSCO films, high-temperature electrochemical 
impedance spectroscopy (EIS) measurements were conducted. Details of EIS data analysis can be 
found in the Supporting Information. Representative EIS data collected from LSCO thin films with 
thicknesses of 10, 25, 50, 80, and 100 nm measured at 650 OC with a p(O2) of 1 atm are shown in 
Figure 2a. The real part of the impedance with a predominant semicircle decreased significantly 
with decreasing thickness (or increasing the in-plane tensile strain) of LSCO films. As the 
thickness of LSCO films is considerably smaller than the critical thickness for bulk transport 
limitation (~900 𝜇m for bulk LSCO32 at 600 oC in 1 atm), we conclude that the ORR kinetics of 
these films is governed primarily by the oxygen surface exchange kinetics, which is further 
supported by the nearly perfect semicircle impedance curves33 (Figure 2a) and the p(O2) dependent 
impedance responses34 (Figure S5a). 
The EIS data were analyzed using a simplified equivalent circuit shown in Figure 2b. 
Figure 2c shows the oxygen surface exchange coefficients (kq) of LSCO thin films with different 
thicknesses as a function of temperature at a p(O2) of 1 atm. The kq values of these LSCO thin 
films were found to decrease with increasing LSCO thickness up to 50 nm, whereas there was no 
significant change in the kq value of LSCO films thicker than 50 nm, in which the strain was 
relaxed. Considering that kq can be approximated as k*,35 the kq value of a highly tensile-strained 
LSCO (~0.8 % in tensile strain) was dramatically enhanced by approximately two orders of 
magnitude compared to bulk LSCO.32 On the other hand, the strain-relaxed LSCO films were 
found to have comparable kq values with the k* value of bulk LSCO.32 This result suggests that the 
enhanced ORR kinetics can be attributed to the tensile strain. 
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Figure 3. Secondary cation Sr+/La+ intensity ratio of LSCO films with thicknesses of 10, 25, 50, 
and 100 nm from ToF-SIMS measurements after annealing at 650 oC for 6 hours. A secondary ion 
ratio of Sr+/La+ from a polycrystalline LSCO thin film (~100 nm) extracted from the previous 
data36 is also plotted for comparison. 
 
It is known that La1-xSrxCoO3-δ suffers from a reduction in the ORR kinetics associated 
with the formation of a Sr-enriched layer near the film surface after a heat treatment.26, 36-38 While 
there has been no report on the effect of strain on the Sr segregation, the change in the oxygen 
surface exchange kinetics of LSCO films may be attributed to a change in the degree of Sr 
segregation near the surface owing to strain and/or thickness modulation. To address this 
possibility, we performed depth profiling of our LSCO films (Figure S7) after annealing at 650 OC 
for 6 hours using time-of-flight secondary ion mass spectrometry (ToF-SIMS). Note that the 
samples were annealed under the same condition as EIS testing to unambiguously check the 
annealing-induced change in the Sr concentration. Figure 3 shows the secondary ion ratios of 
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Sr+/La+ of LSCO films (10, 25, 50, and 100 nm in thickness). While a slight increase in the Sr+/La+ 
ratio was observed near the top surface (1 - 4 nm) of all LSCO films, the degree of surface Sr 
enrichment in our LSCO films was not as large as previously reported from thin films with low 
crystallinity or polycrystalline phase.36 The reason for the reduced amount of Sr segregation in our 
study could be the single crystalline nature of our epitaxial films. The grain boundaries commonly 
found in the polycrystalline films used in other studies may enable more facile Sr transport and 
therefore greater enrichment of Sr at the surface. The consistent Sr segregation observed in this 
study across films demonstrates that we can exclude variation in surface Sr enrichment as a cause 
for the different surface exchange kinetics we are observing in our LSCO films. Moreover, no 
discernible change in the (Sr+La)/Co ratios of LSCO thin films was observed regardless of the 
film thickness (Figure S9). Therefore, we can also exclude the effect of the overall changes of the 
cation ratio in our LSCO films on the observed oxygen surface exchange kinetics.  
 
 
Figure 4. (a) Activation energy (blue) and δ (red) of LSCO films obtained from EIS spectra and 
high temperature XRD, respectively, measured at 650 oC in 1 atm as a function of in-plane strain 
and oxygen surface exchange coefficients. For the calculation of δ, a change in the lattice volume 
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due to the elastic deformation originating from tensile strain in LSCO films was also taken into 
account. (b) Optical conductivity (σ1) of LSCO films with thickness of 10, 25, 50, and 100 nm 
collected from spectroscopic ellipsometry at 650 OC in 1 atm. 
 
 
As shown in Figure 4a, manipulating tensile strain through controlling the film thickness 
causes a considerable reduction in the activation energy barrier for oxygen surface exchange. 
While the unstrained LSCO films showed a comparable activation energy (~0.98 eV) to the 
previously reported value from LSCO films,39-40 the activation energy decreased monotonically 
with increasing tensile strain in LSCO films (<50 nm in thickness). This observation clearly 
indicates that a strain-induced reduction in the activation barrier for oxygen surface exchange 
facilitates the enhanced ORR kinetics of LSCO films. 
In addition, in-plane tensile strain is known to create oxygen vacancies in perovskite 
oxides.7, 31, 41-42 As shown in Figure 4a, we also observed an increase of oxygen nonstoichiometry 
(δ) in LSCO films. Note that δ values in Figure 4a were calculated from unit cell volumes from 
XRD scans at elevated temperatures according to the established formula29 (see the Supporting 
Information). The result of tensile strain increasing the oxygen vacancy concentration is in good 
agreement with previous computational and experimental reports.7, 31, 41-42 This result is further 
supported by the larger unit cell volume at the larger strain (Figure 1c) as an increase in δ can lead 
to an increase in the unit cell volume in cobaltite based perovskites.12, 31 In general, oxygen 
vacancies provide more active sites for oxygen surface exchange, and thus may also contribute to 
the enhanced ORR activities in thinner (strained) films (Figure 4a). The relative contribution of 
vacancies to the reduction in measured activation barrier with strain is discussed later. 
Since a change in δ can be sensitively probed by optical spectroscopy,43 we measured  
optical conductivity (σ1) by spectroscopic ellipsometry at the EIS measurement condition, i.e., 650 
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OC and a p(O2) of 1 atm. Figure 4b shows σ1 from LSCO films with various thicknesses. A single 
peak was observed in the photon energy range between 2 and 3 eV for LSCO films. The peak 
position was shifted towards lower photon energy with increasing film thickness up to 50 nm, 
whereas LSCO films with thicknesses above 50 nm showed no difference in the peak position. 
This result is consistent with a previously reported Sr-doping dependence of the optical 
conductivity in doped-LaCoO3 at room temperature.44 Thus, tensile strain results in an increase in 
oxygen vacancies (i.e., larger δ) as confirmed by the spectroscopic peak shift. This trend is further 
supported by changes in the volume specific capacitances (VSCs). The VSCs of LSCO thin films 
were extracted from EIS data (for details see the Supporting Information), which correspond to 
changes in the oxygen nonstoichiometry (δ) induced by changes in the electrical potential. The 
VSCs of LSCO thin films were found to decrease with increasing film thickness up to 50 nm, 
whereas no changes were found above 50 nm, as shown in Figure S6. 
As discussed above, the measured reduction in activation barrier for kq with strain has 
contributions stemming from the change in δ as well as changes to the energy barrier for the purely 
chemical component of the surface exchange processes (e.g. rates of O2 splitting and O surface 
diffusion). We have used the data of δ and measured strain-dependent enhancement of kq to analyze 
the relative contributions of changes in the oxygen vacancy concentration (cvac, where cvac= δ/3) 
and changes in the vacancy-independent surface exchange factor, k’, to the overall enhancement 
in measured kq at different strain states using the relation 'q nvack c k= , with n = 0, 1 and 2 (see the 
Supporting Information for this analysis).45 If one assumes that the mechanism of surface exchange 
in LSCO is dissociative adsorption, as found in the work of Adler et al.,45-47 then n = 2. The 
obtained p(O2) dependence of kq for LSCO films is in good agreement with our assumption, where 
dissociative adsorption was proposed as the rate-limiting step for the oxygen surface exchange in 
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LSCO thin films (see Figure S5b in the Supporting Information). We note that here the term 
“dissociative adsorption”, as discussed in previous studies,45-46 is the chemical process of splitting 
the O2 molecule into 2O with the subsequent incorporation into the perovskite lattice via two O 
vacancies. The relative contributions of cvac and k’ to the measured enhancement of kq are tabulated 
in Table S1 of the Supporting Information, and plotted in Figure 5. Considering the case of n = 2 
for dissociative adsorption, then for the strain states of 0.42% and 0.80%, the increase in cvac with 
strain is the predominant factor in the measured enhancement of kq (Figure 5). Even in the case of 
9.8×10-3% strain, which is very close to the thick film, unstrained limit, the contribution of 
vacancies to the kq enhancement is nearly 50%. Overall, considering a dissociative adsorption 
surface exchange mechanism, strain influences the value of cvac more than k’ for the full range of 
strain investigated in this work, especially at higher strain states. 
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Figure 5. Plot of contributions of cvac and k’ to the change in measured kq as a function of film 
strain state. Each contribution is plotted relative to the measured value at zero strain (i.e., the values 
for the film with thickness of 100 nm), for a total measured kq enhancement of about 28.4× at 0.8% 
strain (i.e., the values for the film with thickness of 10 nm). The red, green, and blue bars represent 
the contribution to measured kq enhancement from vacancies, the contribution from k’, and the 
total change in the measured kq, respectively. All values were obtained by assuming kq scaled with 
vacancy concentration as 'q nvack c k=  , where n = 0 (reaction limited by, e.g, O2 arrival and is 
independent of cvac ), n = 1 (reaction is limited by O incorporation and depends linearly on cvac ), 
or n = 2 (reaction is limited by dissociative adsorption and depends quadratically on cvac ). 
Additional details of how these values were calculated and a table of the values are provided in 
the Supporting Information. 
 
Recent studies for a wide range of bulk perovskites demonstrated that the position of the 
oxygen 2p band center with respect to the Fermi level is linearly correlated with the activation 
barrier of oxygen surface exchange, acting as a descriptor for the oxygen surface exchange 
kinetics.25, 48 Furthermore, a significant reduction in the migration barrier for oxygen transport was 
demonstrated under tensile strain in ABO3 perovskites.6 However, to our knowledge, there has 
been no study on the correlation between the strain state and the oxygen 2p band center reported 
in the literature. To explore the relationship among strain, electronic structure, and oxygen surface 
exchange, we computationally modeled strained LSCO using density functional theory (DFT) 
calculations for a range of strain states from -3 to +3% (see the Supporting Information for 
calculation details). We used the change in the oxygen 2p band center relative to the Fermi level 
as a descriptor.  
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Figure 6. (a) DFT calculations for the oxygen 2p band center with respect to the Fermi level as a 
function of strain in LSCO films. The calculated oxygen 2p band centers are averaged over LSCO 
films with five different Sr orderings. (b) Linear relationship between the experimental kq values 
and the oxygen 2p band center of LSCO. Bulk kq values of LSCO (Sr = 0, 0.2, 0.4, 0.5, and 0.7) 
extracted from previous results32, 49-51 are also plotted for comparison. 
 
As shown in Figure 6a, the calculated oxygen 2p band center relative to the Fermi level 
was found to be linearly correlated with strain state, where tensile strain resulted in the upshift of 
the oxygen 2p band center. As the oxygen 2p band center also has a linear relationship with the 
vacancy formation energy in perovskite oxides,25 the tensile strain is expected to lower the energy 
of vacancy formation due to an increase in the oxygen 2p band center in the LSCO films, which is 
strongly supported by the fact that larger tensile strains produce more oxygen vacancies as 
discussed above. This result is also consistent with previous experiments8, 41 and calculations.41, 52 
In addition, from our above analysis of the contribution of vacancies to the measured enhancement 
of kq, the vacancy changes are the predominant factor enhancing kq, especially at higher strain 
states, with the enhancement of k’ playing a more minor role.  
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Figure 6b shows the relationship between the calculated oxygen 2p band center relative to 
the Fermi level and the oxygen surface exchange kinetics of strained LSCO thin films and bulk 
LSCO extracted from the references.32, 49-51 The linear trend, where an oxygen 2p band center value 
closer to the Fermi level results in an increase of the oxygen surface exchange kinetics 
demonstrates that the oxygen 2p band center modulated by strain is as an effective descriptor to 
predict the surface activity, consistent with previously reported data.25, 48 From Figure 6b, a small 
upshift of the oxygen 2p band center (on the order of 100 meV) in the tensile-strained LSCO films 
was found to correlate with the enhancement of kq values by up to two orders of magnitude, due 
to the reduced activation energy for kq. This interplay in the change of the electronic structure 
(upshift of the oxygen 2p band center) and oxygen surface exchange kinetics of our LSCO films 
strongly supports our conclusion that strain controlled by film thickness enhances the ORR kinetics 
due to the more facile creation of oxygen vacancies, thus increasing the oxygen vacancy 
concentration and subsequently increasing the oxygen surface exchange rate.  
 
CONCLUSIONS 
In summary, we successfully demonstrated a significantly enhanced ORR activity in 
epitaxial LSCO thin films on YSZ by thickness-controlled strain. We showed that a small change 
in strain has a negligible effect on the surface Sr concentration, indicating no influence of the Sr 
surface segregation on the ORR kinetics. We revealed that the enhanced ORR activity is strongly 
associated with a change in the electronic structure, yielding an increase in the oxygen vacancy 
concentration, thus increasing the oxygen surface exchange kinetics by tensile strain. These 
findings demonstrate the key role of epitaxial strain in the oxygen surface exchange process, which 
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can provide a new avenue to designing high performance energy materials for clean energy 
conversion and storage devices. 
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